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ZT40, a toroidal Z pinch, uses its drivinz
circuits Lo proouzt prqrar~ed zdgnetic f’i0]d9. 7ne
field profiles must lie within certain bounds in order
to ~eet the criteria i!npoaed by the physics. lhe
driving circuit design is co!Eplica Led by the SLrOns
influence of the plasma on the circuit performance.
‘The plaama appears to the drivin~ CirCUit aa time
varying inductance and resistance. Since the
inductance comprises from 20 to I?O* Or the total
lnducthnse, depenain< on the plasma configuration and
the circuit, drivin~ CirCUit pfWfOr~dnCP is nOL easi]y
calculated. Tne 2T-40 Jlel d requirexenta are
presefited and the proposed circuit9 are discuesed.
Tne model ing used to include the plas~a ae an
electrical component with tine varying inductance and
resistance is described. “i’he resuJta of
representative calculations are given.

~T-4d is a toroidaJ reversed field pinch beinz
built at Los Alamcm acienti~ic Laboratz?y. i.T-4Cl nas
bsen descrlbeu in otner papers p?esented at cnis
9ylTpo3iuTIm In tnis paper, I hant to disousa how
Li-UO1s circuits here desidned.

The experiaen!,ers who will run ZT-QO nave arawn
up a set or operating criteria that they want the
machine to meet. ‘Xhese criteria consist, in part, of
e6rtain pro~rammed field risetirr,ea, anpJitudes and
pU13b ]enqtny th~i the drivin~ ClrCUitS nUSt procldce.
Ihe pJasma in the torus has a strong effect nn the
driving circuits and tnis prevents the use of standard
circuit theory for the driving circuit desi~n.

There are several ways that the plasma afrec:s
tne Cir?l;tt. actiun. The drivin~ OiPCUitS are used to
produce .?rpendlcular magnetic fields. One field is
in the theta direction and is desimated B,. The
oth8r field !.s parallel to the minor axis of tne torus
and is denoted (by ?n abune of notation) b .
fields produce currents in the plasma and the p;%
tnus acte as ir it forms a pair of transf’orm~r
secondary circuits, one transfor,cer driven by the HO
drivinS circuit and the other driven by the b= drivin~
circuit. I’he changing shape of the pJasmz appears to
the externaJ circuit as a chan~lng inductor. ce and
resistance. The changing inductance causes L-dot
voltagea to nppcar so the pJasma affects the circuits
in a decidedly non-linear manner.

‘The chanqing inductance also results in a cross
coupJin,~ between tne driving circuits. Since one Or
the driving circuits is capabJe of ch:mging the pJas,na
configuration, it can chan,:e the inductance and L-dot
voltage seen by thp ohier circuit. l’hls can so chanje
tne ccl-rent in the Jatter circuit that it can l’all to
produce the desired nagnetic fle]d.

For tnesa reasons it 13 necessary that the pJasma
be included as an eJectricaJ eJement In the desiun of’
the rilcuit.

durQLa&fkuPau:~~ +.~~

Tnere are severa J possible OpePdtiOn Xodas for
zr-ko. In the followir?~, I hill describe only four.
Three correspond to relatively fast rise of the
nagnetic fle]ds. ‘These are the :Iatcheil i!ode, the
standard !totc and the Padua ::Ode. The fourth made is
a slow rise mode and is called Slow *ode i.

Figure 1 shows the p~ograrted fields needed for
the Hatched Mode. “rhe rise in 6Z froa to to C2 is
prodwed by the bias bark; this bank aust. h- capable
of driving the bias field to 0.6T. ihe .e@I“Lelii froa
t, to t2 is tne preionization puJse. i’he fast Mnk
producin5 the Lo field is fired at L. and must be
capable of pusnirq b, to 0.6T St it$ c?JKbar time ,
tti. The fa9t ~z-l, ban~ is rired at t and drives b=
ne<ative; this reveese fl(+ld needs to I?I?able to reacc
-5.5T. “Ike 2=-+ sallK is crowbarred at t<..

This mode is cal lea the !hatched :;odc because tne
Be and field r:seti=cs are aoou: tl,e sa:e during‘Z
the t,i!!ie I’ollokir?g the rlring of sheir respective
drivins omts.

Tne risctiues of the various fields are also
prescribed. Table I lie:s the requirtzents on the
b~nks. The moct strinqent of these are the rlsesi=es
and the ! vaJues.

TAtLZ I
ban~ and Performance nequi?eaents 1’0!-

katcheti and Padui Lo:es

bank I i n
Jlsee hA initis J A/s ,Yax T

Liias 50-’03 3.5 ns S .6
(lO-IJZ)

ticverse 2-4 7.0 5xU7’’&5xlo’2 .6 to -.5
(lO-HZ)

Main 52 7.2 ~5xlfJ” <.6
(12-B,)

BZ0.3T TO 0.61
------- ~m0.6T— ------

1 I
I I Bz REVERSE ~-025T TO-05T
I I
I
I I
~

I
to !

MATCHED MODE
1

*.ork perl’ormed under the auspices Gf the kaerqy Fiq. I, IdFIL I.lltcncd >,,de maqnetlc field prot’i Jes.
It?:!carch and development Admlnlsl.ration.



Ine Star,dard Ptode is very slmllar to the Matched
O.e

F,oje; the princ~pal difference is that tne reversing ~ 06
ti=e or bz is to be approxlmtely ttiice as lolg as in i
tne :iltcned Mode. inu9 the Cining diagrar, of Fig. ? & ‘4
applies Lo tne btandard Hode ~rovided that the a 02
a ‘ CI”erence,-.

‘:-t?’
is made about tvice a-s long. trom d

a Ci-cuit Stan PO nt, this means tnat what worK3 for L o

tne ,;atcned Mode Gill wor~ for the Stanaard l~ocle if u
-02

ex:ra inductance is added. 1=
w
: -0,4

The timinc diagram for Lhe Padua horle is shown in z
F-:2. 2. lfi is shown well ahead of the preionization

‘0.6

ba:,k fire t~me, t,. This allow a bias field to be 1 I I I I I I 1

if desired. The faat 10-k bank is fired al t ;
-0.6 I

use~
tz theplad;.l:’ 0 ‘ 2 ‘ 4 ‘ 6 ‘ 0is chosen so Lnat Ez Hill be ~ m~ximum at t TIME (ma)

L-., nearly co.nple:e ionization of
~isu.-,ed and tnt? b= field existing at that time ta
trzpped inside the plasma. At the same time, the main
ban~ (lZ-BO) 19 fired. lL rises until it is
cra~aarred at tq. The fast 10-BZ bank is croubarred
at t5.

MAGNETIC FIELD PROFILES

FiR. j. hxample of field profiles in Slow Sode I
operation.

B:AS SANy CMLE:

—~
Ine three fast nodes are intended to be power

cro.barred. Ine present design calls for 10 kV banics
Lc supply the potier crowbar tnerfiy. ‘These banKs will
aisa require croubarring

le,ined. ,,, ~ ~(~~%i

and ‘?ti-~~k~~~~r-;-~~;a;cc?responds to Lhe firing of the
cra~bar switch.

ine desirable field pro~ra,.lming of the possible
9.zn _oues has not been co:fip]eLe]y -
pc::i Gil ity would be similar Lo tn=t sl.win in Fig.3.
IfAis Jose is aesignatea Slow rlode 1. in :Iow Mode I,

F
POWER CROWBAR UNK

t:.: 10-EZ

CROWOAR ~ ‘

Lias hank is used to produce a bias field

-(i-’~:

.
:

bejore tt;e preionization bank provides a plasma. The 3
- cro”,:bnr ban~ will be switched at this time z

Az-jo ;’r’ne”
tc pr~dLce a loc~ slowly rising ; ~lse.

~
Figure 3 is 3

ta,:erl ~rom Co,liphted results for one ,s1Ow rlode 1 H%
C~?C!U:L un?er conaiocrztion. The su~den end is due to
S:.-.il~aLiGn Ot’ t,he iron in tl,e arivin~ circuit

.

:rallslorxers. in this example, the bz field falls off
Lc3 .-apidly. ‘This can oe corrected by adding ZT-40 SYSTEMS II .912 1,-8ZCMJIT “

icIucL-IIIce to the Hz driving. circuit.
tig. 4. Hazched and Pariua !lode 10-B= circuit.

~<. .~!2WY.i&i&QEl&W

ille external drivin.! circuits used to calculate
tne .,atched and Padua mode pcrl’orm~nce are shown in
~:..~o 4 and 5. ihe bias banK consist: of’ 170#F, 10
K‘b capacitors ignitron switched and crokbarrcfl. lt.
Preduces a slobly risin~ Lz field that lS trap~e(j
inzide Ln? plasma at ionization time. Long cablm
prcvije isolation and connect it to the }.ixer. ‘Ihe
rLls: 16-tjz ban~ uses l.b~pk’, 50 kV capacitors and is

s;~r< F..+p switcned. It is conr,ected to tn.s crowblf,
SWLLCI; headir by lo’.+ inductance cabJes. In thC

BZ.0.3T “TO 0.61
—-----— ~ --%

I

I Bz REVERSE I-025T TO -0.5T
I

I II
I

___
II .- 1
II

i$’z~
I

‘3 ‘5 ‘6

PADUA MODE
Fiq. ~.

}’1<. 2. ideal Padua bode lwgnetic flcld profilcn. Matchrd
portion

Cfloaom

ZT-W SYSTEMSII R121Z-B, CKUW

Nfltcllcd ~nd Padua Mode Iz-be circuit.

and St. Jnd3rd Nodes, thin blnk rev,”.rscs that
of th,! bias l’ic]d that rf’mllr]s outside the

.
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plasma. ‘int trapped field 1s, Cf

at’Iectefl. in :t,e.Padua bode, ‘.!!1s bank
a]] or .nogt or the trapped field.

ihe fast bank is connected to tne

courwe, not
also produces

load tt.rouqh

I,irano transforffirrs.1 Tne transfor,ners couple al~w
high-capacity 10 ZV capacitor banks to the load.
“1rbese bands are both scries- and Crowber-switched by
iflitrons.

Ine IZ-LW Oriving circuit is qulce similar to the
~ ..z circuit. l’ne 40 kV harxed pr.?ionization bank
takes the place of the bias bank nut Otherdise the
Circcitz, except ~or values, are che sane.

lne problen of the circuit design for LT-40 Is to
determine co.nponent values, i.e., capacity sizes,
cable lefi~tns, char~e voltaqes and turns ratios, that
arc .li~cnanically feasible and that will produce the
J:sired programed fielis hnen driving the changing
plas:.a load.

~ectric aInQ’kUtLS QcMl!a WMC!16L

‘lne accurate modelin~ of the plasma is
cxce~tl~n~ly difficult and the more accurate the mode]
the lm:v?r dill be the requireL co!nputin~ Lime. On
tne ocher hand, ko poor a mode] tiill not permit
adequate circuit aesign.

“In? sharp bourdary Snohploti model represents a
co.iipro;. ise. lnis :nodel is ver}- Eood durin~ the
lnitla] St~i;$?S When aCCU?d~P estimatea of risetimes
anj ra:es of rise are needed. uurinq the late partion
o? Lhs aiscnar,;e its accuracy cmcre:scs because the
plyricfil plasma deve]opes a difuae boundary.

‘AM!equation of f,.otion ror the snoxplow modPl is:

LZq 1s the vaJue cr the hlas field trapped by the

preioni~otion or the Has; 00 1s the gas ri]] density

and r
PO is tne initi:il radius or tnc plasma. Since

‘Po’ ‘i] at preionization time, a sxal] value is added

to the denominator to rc,novc tl)e sin~ular:ty. “[he

vnluc used is 10-’) h’hioh, in Lhls czse, amounts to

a$su.lin? that the plasma implosiun start~. at 0.2

microns rron the discharge tube wtill.

‘Inc sharp bOUnUdry moc!c] a]]OHs Ltle inductance of’
the plasma )oM dlld its L-dot contributions to be
c31culaLcd oy the I“ormulas:

I.z . Pd h In”(Z)
‘P

-Ml ~ rp!z=—
‘P

.

/“

here R is the ❑ajor radius of the “tcrus, r= ia Lhe
coil radius ar?d rK is the i?lside radius or theoZ-pinch
prhary. The ror,nu]as rO~ Lz and L.. .ar”e
approximations in that Elle plasma and Z-pinch ~rimary
are trtiated as Ir they I“or,u a strai.qnt coaxial line.

A terperat.u?e-dependent resjgtance based on the

classical kpitzer resistivity is also assumed. Using
the

tne
(in

where

reaiativity

1 653-=-
8 ~j;2

g;; f;:en!i aJ equation ror the electron temperature
:

dlntrlbutrd b[.Lw&n r and r,,12. h temperature Or
1.5cV is assucrd to bc Broduccd
bank.

Ihc plas-11 rcsist~nces are

Gy the preionlzation

given by:

2x.653 ~ . I{
hz=— — (per

~;lz t2 r;

sector)

L ‘ W= - J-]
P

L53h,, — (toti’11).
Ii ln2 T~’2



SinCa it is known “tpat this r@sis’tance u10’le] i3, very
poor, the-actual co,dinz al lows the .SpLLzer resistance
to be :.,ultiplicd by an arbitrary ~acLorj. This, iillcus
a,qualitatlve estimate of the ~m~ortance of thb plasaa
resistance to be tiade. checks h.ave.snoin ’that largo
variations in this faCtur nave Sinizia] effept on ttre
circuit performance. - , ‘

klikiu+s
The ,e]eatp”ica] circuits have already been shown

in k’igs. U and 5. The” mode].ing ot the electrica]
components jsetandar.d .excepL for the transformers and
the ,mein crowbar switches. Tne”transformerm odel Used
allows for tne saturation of the transformer iron but
nac for nyzteresis or core losses.

e] sewnere.2
~ne modelin3 is

.“d’escribe~ ine core josses .a~e negli~ible
cwpared to the resiativc loSSeS in the rc’~t of the
syaten. Luittlng nystercsiz 1s not expected to cause
error s:~ce tne iron will be returned to the sane
point on the hysteresis loop before e?ch,shdt..

“i~ n;e the main crouoar awitchos can. have a
dete%nininq role on the behavior of the machine after
crcrdc~r closure, tne resistance associated sith then
ig.determinul froa a current dependent arc drop. Tne
rcsiatancb lb determined by a formula of the form:

Generally speaKing, the broredure was a suc-zess.
Fiqure 6 show :ho co:PutFd performance for me case
of r:atcncd l+ocle Uperat!on. Thr. fb”ll tize. history is
ar-mm in p~Pt a and a ti”ne magnified po?tion showine
the critical region frov ?1 firin~~ to 1, crowbar le
rive)) in part b. !ilis Pun was mailc for a deuterium
fill at. 20 mtnrr. The compression ratio was
~;jproxirrately “1.5. ‘Ine bias rises ic 17 p3 to a peak
current of j.4U Fik (~z:.f’r). ‘ihe ?ain Iz-b, bank
rises in 1.9 us ‘= a rea~ current of 704 t.A per
(LC=.6T).

~~otor
‘ine initial rate of riseis 6.O7X1O AIs.

,Thu I bank it fired Sllgiitly after the
&A,gr’~At~:;:

KS) “and ‘has an initial l-dot of 4.54X1Q
time the lC crowbar ir fired the reversed field has
reacned -C.5T. Tne reverse field bm~ reachea this
value in 2.3 us. All ttese values are . within the
ori!;inal speci:icat:ons Zive in Table I.

‘Tne oscillation on ,both” fields after pouer
crowoar time is due to the oscillation of the
preionization bank wnich i: part of the Iz-Bt circuit.
‘[he presence of :ne plassa r.?duces the indueLance seen
by the WnK ant! thus increases :.he oscillation
frequensy. Ihe oscillation. is transmitted throu~n the
plasma motion vla tnt cnanginc inductance into an
oscillation in tne lt-~z ci,rcuit.

Figure 7 shoua computed maqnetic field PIOte fOr
the Padua tiode. lnese also fall hithin the required
performance limits.

k,

h = pl+l+
k2+k311[ .

‘This is consistent with the f’inclin~s of Kesselring.3
The valuus of the k sre chosen to give an arc drop of
105 v at 5 iii, \03 vai 10 KA and ~qo vat 100KA.
“1’he~e values were chcaen to atree with a preli,uinary
measurement on the gap proposed fop use in Zi’-JlO.

lGO choises tiere available for the programming of
the ayst.c::. O~e was the use of a circuit desia:n code
such BS LET 2 while the other Kas the direct h’UhTIIAIJ
profiramming of the differential equations. MT 2 was
tried first because it allows easy cnanges in tho
circuit topoloqy. however run times were found to be
prohibitively long so ease of circuit change was
sa~:rlficed in favor af the direct pro~rammin~
ap>roacn. hunning times became over a factor of lIJOO
shcrter. Tnis difference la felt to bc due primari,y
to the ncm-linearity introduced by the plzsma and
therefore shou]~! not bc considered typical of ~iET 2 on
more stanc!ard cirouita.

The present crr~ponent dcsly values were zrfivcd
irt by first uxinq the computer code to set rouch
over-al 1 values that would result in acceptable ftelda
and ~leld risetimes. ‘ihen values for the varloue
coinponents Korc estimated and insrrtod in the code.

‘ lf these values did not work the co.nponents were
cilan~ed. Somrtimes this meant movinq the position of
a bank to chan,3e the inductance of the associated
cabl ln~ and aometimeo a coqponont ri<ht be
mechanically redcsi~nfid to chan~e its electrical
clmracteristicao

Tiit? prc~ent va]uc.s r~flect n number or itrrationa
or ,rocli~inq components and th~r readjusttn~ the other
cop,lPoncnts to ultimately Rlvc acceptable wave forms.

FF!FTFR. .

Fin. b. Comput.cd lidtcl~ed ,:ode wrqnctic field profiles
a). full traccn, b). m3,-nificaLion L’f wion f~om

P.1. firill.< tnrcil?h T,zin crOWbar s“~ltch closures.

.
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FiL. 7. computed Paclua ::o,le magnetic I“icld profiles
a). i’1111 :races, 5). K3}InilicaLio9 of reeion from
r.1. I“iring Lhrou4h maiu crowbar sbfit~nclosure.

‘A’neproper desi~n o:” ZT-UO required the inclusion
01’ tnc pin,-m as an electrical component in the
circuit sil!ce it has :najGr inJ’luence on the action of
tli~ circuit. ‘1ne dcsiFn was carricti out usins a
snokplow mod:] for the plasma motion xith Spitzer
re. slivity dcter,l!inin~ the plasza resistance,
aatistbc:ory dcsi~~s have been achimred l.or $he

Matclwd,~t.and?ra and #ndua ),o~es.

Circuit oesiqn for slow rode operation is
continuing. lnis work ia partly explorlcory since
nard critr?i:~ for slow :~ode opcrGLlcm have not been
scL. An effurt to up7rafJe the plasma 13U5C] from the
snarp houllri~rysnakpJow mcdel to so.ne sort of di~fiqse

botiri~~ry IIojel Kill be 11..I(JQ. ‘Allis lw;)rovehwlt 1s
net?aed sincr it is knoi.n that L!N? snoriplou does not
ritscribe the plasma in its late stayus and thus is not
at a]] Kooil for slow nude uork.

2 #.L.. L,unnaJly and G.P. boicourt, ‘Lesi[;n
L’1-4il pob~r crowcmr Systc,fit’, elsewhere thmc
il)gs.
J krit.z hcgnt?]r:n~, nL33 SCl,i!ltC’n
Lqistun~ennr Uleitrot:chnische Zcltsc!rrirt,
p. lCJ5-10lj, July 1929.
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